Interleukin-(IL-) 21 is a pleiotropic cytokine that regulates the activity of both innate and specific immunity. Indeed, it costimulates T and natural killer (NK) cell proliferation and function and regulates B cell survival and differentiation and the function of dendritic cells. In addition, IL-21 exerts divergent effects on different lymphoid cell leukemia and lymphomas, as it may support cell proliferation or on the contrary induce growth arrest or apoptosis of the neoplastic lymphoid cells. Several preclinical studies showed that IL-21 has antitumor activity in different tumor models, through mechanism involving the activation of NK and T or B cell responses. Moreover, IL-21's antitumor activity can be potentiated by its combination with other immune-enhancing molecules, monoclonal antibodies recognizing tumor antigens, chemotherapy, or molecular targeted agents. Clinical phase I-II studies of IL-21 in cancer patients showed immune stimulatory properties, acceptable toxicity profile, and antitumor effects in a fraction of patients. In view of its tolerability, IL-21 is also suitable for combinational therapeutic regimens with other agents. This review will summarize the biological functions of IL-21, and address its role in lymphoid malignancies and preclinical and clinical studies of cancer immunotherapy.
Introduction

Interleukin-(IL-) 21 was identified in 2000 as a CD4
+ T cellderived cytokine and the ligand of an IL-2R -related orphan receptor [1, 2] , now defined as IL-21R. IL-21 is a member of the cytokine family sharing the common gamma chain in their receptor complexes [3, 4] that comprises IL-2, IL-4, IL-7, IL-9, and IL-15. These cytokines display a similar four-helix bundle structure and functional redundancy in the regulation and homeostasis of the lymphoid system, although each member also has specific functions. IL-21 binding to its high-affinity receptor complex, formed by the IL-21R chain and the c, triggers different signal transduction pathways, which leads to the transcriptional regulation of a distinct set of genes [5] . An early event triggered by IL-21 engagement is the activation of the Janus kinase-(JAK-) 1 and JAK-3 that phosphorylate tyrosine residues the intracellular regions of the receptor chains [6] (Figure 1 ). These phosphorylated regions serve as docking sites for the SH2 domains of specific signal transducers and activators of transcription (STAT) proteins, including STAT-1, STAT-3, and, to a lesser extent, STAT-5 [7, 8] . Once recruited, STATs are phosphorylated by JAK kinases and then detach from their docking sites, dimerize, and migrate into the nucleus to activate specific gene promoters. Besides the JAK/STAT pathway, IL-21 also activates the phosphoinositide 3-kinase/protein kinase B (PI3K/AKT) and the ras/raf/Mitogen-activated protein kinase kinase (MEK)/mitogen-activated protein kinases (MAPK) pathways [7] . In addition, IL-21 signaling involves interferonregulatory factor 4 (IRF4), which cooperates with STAT3 for transcriptional activation of several target genes [9] . Among IL-21 sensitive genes, Gzma and Gzmb encode for granzymes, involved in the activity of cytotoxic T lymphocytes (CTL) and natural killer (NK) cells. Other IL-21-activated genes such as Bcl6, Bim [10] , and Prdm1 (encoding for Blimp1) [11] are major regulators of B lymphocyte survival and differentiation, while suppressor of cytokine signaling-(SOCS-) 1 and SOCS-3 encode for negative-feedback regulators of cytokine receptor signaling [12] . 
Costimulatory Activities of IL-21 on B, T, and NK Cells
Early studies showed that IL-21 costimulates the proliferation of B, T, and NK cells and mediates the differentiation of activated NK cells into more potent effector cells [2] ( Figure 1 ), suggesting that IL-21 may represent a potentially useful agent for the development of tumor immunotherapies.
Effects on B Cells
. IL-21 exerts complex effects on human and mouse B cell proliferation and survival as it can mediate apoptosis of B cells activated via toll like receptor (TLR) signals [10, 13] . On the contrary it induces B cell proliferation in the presence of appropriate cosignals delivered by B cell receptor (BCR) stimulation and CD40 ligand (L) expressed by T helper (Th) cells [10, 14] . Moreover, IL-21 induces the differentiation of B lymphocytes into plasma cells through the induction of Blimp1 expression in vitro and in vivo [9, 11] . IL-21 also upregulated IgG1 and IgG3 production in vitro by CD40-activated human B cells, and this effect is enhanced by IL-4 costimulation [15] . Several studies suggested that IL-21-dependent signaling via STAT3 is required for the generation of long-lived plasma cells and for T cell-dependent antigen responses and memory (reviewed in [16] ). The study of Il21r-deficient mice showed that IL-21 plays a nonredundant role in regulating B cell responses, as these mice have reduced IgG1 and enhanced IgE responses upon antigen challenge [17] . A recent study reported that homozygous lossof-function mutations in the IL21R gene cause a primary immunodeficiency in humans, resulting in recurrent respiratory and gastrointestinal cryptosporidium infections, and chronic liver disease. Patients showed increased serum IgE levels, in some cases associated with reduced IgG [18] . Similar B cell defects associated with decreased serum IgG and increased IgE levels have been reported in a patient with IL21 deficiency, who presented with early-onset inflammatory bowel disease and later pulmonary infections [19] . Altogether these data indicate an essential role of IL-21 in regulating B cell responses, although also variable T cell and NK cell defects were reported in IL21R-deficient patients.
Several observations indicate an important role of IL-21-driven B cell responses in autoimmune syndromes such as systemic lupus erythematosus (SLE). Indeed, elevated IL-21 expression drives pathogenic autoantibody production in BXSB-Yaa [20] and in the MRL-Fas(lpr) mouse lupus models [21] . IL-21 is also elevated in the skin and plasma of SLE patients, and polymorphisms in the IL-21 gene associate with SLE development [22] .
Finally, the B cell enhancing properties of IL-21 may be also important for the induction of antitumor immunity. For example, IL-21 gene transfer promoted the production of tumor-specific IgG, which may contribute to the therapeutic effect in a syngeneic head and neck squamous carcinoma model [23] .
Effects on T Cells. IL-21 stimulates the differentiation of T follicular helper (T FH
cells, through the induction of the transcription factors Bcl6 and MAF, which regulate their functional program and their ability to stimulate B cell responses [24, 25] . In addition also the induction of IRF4 plays a crucial role in the IL-21-triggered T FH cell differentiation [26] . Upon antigen presentation, T FH cells produce high levels of IL-21, which induces B cell differentiation in the germinal centers. A recent report indicates that circulating T FH cells have memory-like features and can be reactivated by dendritic cells (DCs) to produce high levels of cytokines, including IL-21. Therefore, circulating T FH may provide rapid and strong helper signals to B cells in response to secondary antigen stimulation [27] . Besides classical T FH cells [28] , also a subset of CD4 + CXCR4 + ICOS + CD162 low CD40L + T cells mediate IL-21-driven B cell differentiation and pathogenic IgG production in extra-follicular sites of autoimmune mouse strains [29] .
IL-21 also contributes to the expansion of Th17 cells acting in concert with other cytokines. Th17 cells are a subset of proinflammatory cells, induced by transforming growth factor (TGF) and IL-6, which produce IL-17 and also IL-21 [30, 31] . Although IL-21 is not necessary for Th17 cell induction, it stimulates Th17 cell expansion by inducing the expression of IL-23R and their responsiveness to this cytokine [31, 32] . The role of IL-21 in Th17 responses may explain its involvement in several inflammatory disorders, as extensively discussed in recent reviews [5, 33] . For example, Th17 and Th1 cells produce IL-21 in the gut of patients with Crohn's disease and ulcerative colitis [34, 35] . Similarly, IL-21 expression is high in the gut of mice with dextran sulphate-(DSS-) induced colitis, whereas Il21 −/− mice showed reduced DSS-colitis, lower inflammatory cell infiltration, and IL-17 production [36] .
The effects of IL-21 on CTLs are well documented and important for its applications in tumor immunotherapy. For example, IL-21 in combination with peptide-pulsed DC, increases the number of human Melan-A/MART-1-specific CD8 + T cells displaying high-affinity and a CD45RO + CD28 high phenotype upon in vitro stimulation [37] . These data suggested a role for IL-21 in the ex vivo generation of antitumor CTLs for adoptive cell therapies. In addition, IL-21 used in combination with IL-15 maintains CD28 expression on CTLs and their responsiveness to signals through this costimulatory pathway [38] . It also costimulates IL-15-mediated CTL-mediated proliferation and function in vitro and the expansion of both memory and naïve CD8 + T cells [39] . IL-21 also regulates CTL cytotoxic activity and several preclinical studies of cancer immunotherapy showed that IL-21 sustains antitumor CTL functions [40] . Il21r −/− mice have normal numbers of CD8 + T cells; however, they showed reduced CTL responses to a vaccinia-virus encoded antigen, further suggesting a role of IL-21 in CTL responses [39] . A recent study showed that IL-21 mediates the expression of the transcription factor T-bet in CD8 + T cells, through STAT1 signaling. Moreover T-bet is necessary for the expression of perforin and granzyme B in response to IL-21, as T-bet defective CTLs are unresponsive to IL-21-induced cytotoxicity [41] + T cells are the main source of IL-21 and production of IL-21 is compromised during the course of HIV infection [48] . Interestingly, elite controllers, which can suppress viral replication for long periods without therapy, maintain IL-21 production [49] . IL-21 supports HIV-specific CD8 + T cell functions, which control infection [50] . Indeed, IL-21 upregulates perforin and granzyme expression in memory and effector CD8 + T cells but did not increase their proliferation and activation [51] . Recent studies showed that, in elite controllers, a peculiar subset of HIV-specific CD8 + T cells, which produce IL-21, is enriched and may develop as a consequence of chronic activation of the immune system in HIV patients [52, 53] .
Effects on NK Cells.
Several reports showed that IL-21 also regulates NK cell functions. Although soluble IL-21 alone does not support NK cell proliferation, it costimulates IL-2 or IL-15-triggered mouse NK cell expansion [54] . In addition, IL-21 induces the differentiation of cytokine-activated murine NK cells to highly efficient effector cells, which express high levels of IFN-and perforin and are endowed with cytolytic activity [55] . However, IL-21 increases NK cell apoptosis and may limit the persistence of NK responses, suggesting a role of IL-21 in the shift from early innate to adaptive immunity [56] . IL-21 also upregulates natural killer group 2, member D (NKG2D) receptor expression in human, and mouse NK cells through the induction of STAT3 tyrosine phosphorylation [57] . In fact, patients with STAT3 mutations display functional NK cell defects and low NKG2D expression [57] . IL-21 cooperates with IL-7, IL-15, and stem cell factor (SCF) to mediate human NK cell differentiation from CD34
+ progenitor cells present in the cord blood, through the induction of KIRs, CD2 and of cytolytic functions [58] . Although Il21r −/− mice show no NK cell deficiency and IL-21 is not strictly necessary for the NK cell development from progenitors [59] , NK cells from IL21R-deficient patients showed variable reductions in their cytotoxic activity against NK-sensitive targets, but normal antibody-dependent cell-mediated cytotoxicity (ADCC) activity [18, 19] . However, IL-21 is able to potentiate ADCC mediated by NK cells in vitro and in vivo, and this effect may be relevant for antibody-based cancer immunotherapy [60, 61] . Importantly, NK cell dysfunction in some cancer patients may impair their ADCC activity, which can be restored by in vitro stimulation with IL-21 [60] .
Dual Role of IL-21 in Immune-Regulation
IL-21 stimulates both innate and adaptive immunity, but on the other hand, it can also mediate negative regulatory effects on lymphoid and myeloid cells. In general the effects of IL-21 on immune regulation are multifaceted as it activates some immune-regulatory pathways whereas it inhibits others ( Figure 1 ). These effects have important implications both in autoimmunity and in cancer.
Effect on Dendritic Cells (DC)
. IL-21 inhibits DC activation and maturation. Indeed, in the presence of granulocyte macrophage colony-stimulating factor (GM-CSF), IL-21 leads to the differentiation of altered DCs with reduced capacity to prime T cell activation in vitro [62] . IL-21 can also induce apoptosis of conventional DCs via STAT3 and Bim, but this effect may be partially inhibited by GM-CSF [63] . Therefore, IL-21 hits the early phase of the immune response, by blocking antigen-presenting cells (APC).
Induction of IL-10 Expression in T Cells. IL-21 may
have immunosuppressive functions also through a STAT3-dependent induction of IL-10 expression [64] . IL-10 is an immunosuppressive cytokine known to subdue inflammatory responses and inhibit the functions of APC and T cell response to antigens [65] . Indeed, T cells from Il21 transgenic mice produced high levels of IL-10 upon stimulation with anti-CD3 + anti-CD28 monoclonal antibodies (mAbs), while T cells from Il21r knockout (KO) mice produce less IL-10, relative to wild type (wt) mice. Moreover, wt Th1 cells, primed in the presence of IL-21, produced IL-10 and suppressed proliferation of OT-1 transgenic mouse CD8 + T cells, stimulated in the presence of the specific ovalbumin peptide in vitro [64] . Another report showed that IL-6 induced the generation of mouse IL-10-secreting type 1 regulatory T (Tr1) cells, through the stimulation of IL-21 production by CD4 + T cells in vitro. In this model, IL-21 cooperates with IL-2 to induce IL-10 production in CD4 + T cells [66] . Moreover, in human cord blood, IL-21 polarizes naïve CD4 + T cells into IL-10-producing cells, thus affecting the balance between effector and regulatory functions during inflammation in human newborn [67] . IL-27 is also an inducer of Tr1 cells in the mouse. This effect is mediated by IL-21 production, in concert with induction of the transcription factor c-MAF and the costimulatory receptor ICOS [68] . IL-21 may then act as an autocrine growth factor for Tr1 cells. + CD25 − T cells to Treg-mediated suppression and suggested a mechanism by which IL-21 could support T cell responses in immune-mediated diseases [73] . In vivo, IL-21 indirectly inhibits the generation of mouse Treg cells through the inhibition of IL-2 production, which is required for Treg expansion and fitness [74] . Even if IL-21 and IL-2 display different effects on Treg cell development, these two cytokines synergize to sustain T cell proliferation and responses. This cooperative effect of IL-21 is related both to stimulation of T cell proliferation and to inhibition of IL-2/TGF--driven Treg cell development. In fact, IL-21 induced STAT3 activation, a negative regulator of Treg cell differentiation, and downmodulated Smad2/3, Treg cell inducers [75] . Moreover, in patients with giant cell arteritis, IL-21 is detrimental for Foxp3-expressing Treg cell development and favors Treg cell apoptosis and disease development [76] .
Induction of B-10 or B-Regulatory
The dual role of IL-21 in immune regulation raised a note of caution in the use of therapeutic agents [77] blocking the IL-21/IL-21R axis in autoimmune diseases, as also suggested by preclinical studies in murine lupus models [78] . On the other hand, the activation of immune-regulatory pathways by IL-21 may limit the efficacy of IL-21-based cancer immunotherapy and support the concept that IL-21 may act as a double-edged sword in cancer [5] .
Role of IL-21 in Lymphoproliferative Disorders
Several lymphoid cell malignancies express IL-21R, but IL-21 exerts divergent effects on cell survival and proliferation, in relationship to the different type of malignancy, stage, and presence of costimulatory signals [79] .
Chronic B-Type Lymphocytic Leukemia (B-CLL)
. B-CLL cell survival and clonal expansion require a cross-talk with supportive cells within the lymphoid tissue and bone marrow microenvironment [80, 81] , which favors CLL progression and drug resistance. Several contact-dependent signals, as well as chemokines and cytokines, play a role in this crosstalk. IL-21R is expressed at variable levels in B-CLL cells and is inversely related to CD38, a marker whose high expression is associated with a poor prognosis [82] . In addition, IL-21R expression is upregulated by stimuli such as CD40L [82] and CpG oligodeoxynucleotide [13] [85] . In addition, IL-21 and IL-4 cooperated to promote B-CLL cell proliferation, and IL-21 increased the size of the "side population, " which is associated with resistance to chemotherapy [86] . These recent data suggest that IL-21 activity in B-CLL differs depending on experimental conditions and raise concerns about the therapeutic use of IL-21 in B-CLL.
Follicular Lymphoma (FL)
. IL-21 has been reported to induce apoptosis also in some FL cell lines [87] and in primary FL cells, which constitutively express high levels of IL-21R [88] . IL-21 induced apoptosis in B lymphoma cell lines was related to caspase-8 and -3 activation, Bcl-2 decrease, and proapoptotic Bax increase [87] . However, IL-21 triggered apoptosis only in a minority of cell lines bearing the t(14; 18) translocation, typical of FL. Resistance was due to either reduced IL-21R expression or defective JAK3 gene expression, in one cell line. Altogether, these data suggested heterogeneity in IL-21 responsiveness in FL [88] . However, a more recent report indicated that reduced expression of IL-21R is associated with increased overall survival in FL and that IL-21R expression is higher in cases of progression of FL to DLBCL. The latter data were suggestive of a possible role of IL-21 in supporting FL progression in vivo [89] .
Diffuse Large B Cell Lymphoma (DLBCL) and Mantle Cell Lymphoma (MCL). CD10
+ DLBCL cell lines and primary tumors also express the IL-21R and, in these cells, IL-21 induced cell cycle arrest and caspase-mediated apoptosis [90] . Moreover, IL-21 treatment increases survival of mice bearing human DLBCL xenografts. In DLBCL cells, IL-21 induces upregulation of c-Myc expression, through a STAT3-dependent mechanism. C-Myc, in turn, downregulates antiapoptotic Bcl-2 and Bcl-XL protein expression, thus inducing cell death.
MCL is an aggressive B cell tumor, whose cells also display high levels of IL-21R and are sensitive to IL-21-mediated apoptosis. Gene-silencing experiments revealed that STAT1 mediates IL-21-induced apoptosis in MCL cells. IL-21 upregulated the expression of proapoptotic proteins BCL2-interacting killer (BIK), NIP3, and HARAKIRI, while it downregulated the antiapoptotic proteins BCL-2 and BCL-XL/S [91] . In addition, IL-21 inhibited signaling through nuclear factor-kappaB (NF-B), which mediates survival signal in MCL cells.
Other Lymphoproliferative
Disorders. IL-21 may act as a paracrine growth factor in other lymphoproliferative disorders. In fact, IL-21 supports neoplastic cell proliferation and/or survival in anaplastic large cell lymphoma [92] , Hodgkin's lymphoma [93] , multiple myeloma [94, 95] , Waldenstrom macroglobulinemia [96] , adult T cell leukemia/lymphoma [97] , cutaneous T cell lymphoma [98] , and Sézary syndrome [99] . Obviously, in these tumors the use of IL-21 as immune-enhancing agent should be regarded with caution. Rather, agents targeting the IL-21/IL-21R system or its signaling pathways may be potentially useful for clinical testing.
Preclinical Studies of IL-21 Cancer Immunotherapy
In view of its immune stimulatory properties on both innate and adaptive immunity, recombinant (r) IL-21 or IL-21 gene transfer has been widely exploited in preclinical models of cancer immunotherapy either alone or in combination with CTLs. In addition, interferon-(IFN-) and third-order CXCL-9, -10, and -11 antiangiogenic chemokines were soluble mediators of the IL-21-driven tumor rejection and mediated antiangiogenic effects [100] . Similar rejection responses, involving CTL and/or NK cells, were observed for IL-21-secreting melanoma, fibrosarcoma [101] , colon [102] , renal [103] , and bladder cancer cells [104] . In some studies, IL-21-producing cells were used as a whole cell vaccine to treat mice previously challenged with wild type tumor cells. These studies showed significant antitumor effects resulting in increased mice survival or even in the cure of a fraction of tumor-bearing mice, through the induction of antigenspecific CTL responses [72, 105] . Differently, in a murine model of glioblastoma, the use of a tumor cell vaccine producing IL-21, injected intracranially, prevented the subsequent growth of glioma tumors and cured most mice bearing early glioma implants. Cured mice were resistant to a secondary tumor challenge since they developed strong antibody responses to glioma cells [105] . A murine IL-21-secreting whole myeloma cell vaccine (mIL-21-Sp2/0) has also been used to prime immune responses against myeloma in vivo. Lymphocytes from mIL-21-Sp2/0-immunized mice infused in mice lymphodepleted by cyclophosphamide treatment induced protective immunity against murine myeloma [106] . Besides tumor cells, also other cell types transduced with IL-21 gene proved to be effective at inducing antitumor responses. In a syngeneic model of melanoma, IL-21 was used in combination with human (h)gp100, a melanocytic lineage differentiation antigen, to transduce DCs. DC-hgp100/mIL21 used as vaccine reduced B16 melanoma growth when injected intratumorally and reduced lung metastases development, through T and NK cell dependent mechanisms [107] . Intravenous injection of human umbilical cord blood stem cells (UCBSC) engineered to express murine IL-21 inhibited the growth of human ovarian cancer cells xenotransplanted in nude mice and prolonged survival. IL-21 released by UCBSC increased CD56
+ NK cell numbers, cytotoxic activity, and cytokine release in vivo [108] .
rIL-21 has also been tested in preclinical applications, and an early study showed that intraperitoneal IL-21 was more effective than IL-2 or IL-15 in a syngeneic thymoma model [109] . In addition, rIL-21 treatment showed efficacy in different tumor models. In two syngeneic models of melanoma and renal cell carcinoma, rIL-21 given intratumorally strongly inhibited tumor growth and increased the frequency of tumor-infiltrating CD8 + T cells and mice survival [110] . Interestingly, rIL-21 showed low toxicity and no induction of vascular-leak syndrome, a dose-limiting toxicity of IL-2 [111] .
Preclinical Studies of IL-21 Combination
Therapies. IL-21 antitumor activities have been exploited in association with several other molecules, which showed additive or synergistic effects [112] . For example, CD4 + CD25 high FoxP3
+ Treg are frequently increased in tumor bearing hosts and contribute to tumor-related immune suppression, since they can be induced by tumor-deriving factors [113, 114] . Therefore, the use of antibodies targeting Treg cells has been exploited in preclinical studies, in combination with IL-21-based immunotherapy. The use of an anti-CD25 mAb in association with an IL-21-secreting mammary carcinoma cell vaccine cured 70% of syngeneic mice from lung micrometastases through the induction of antigen-specific CD8 + T cell responses and production of IFN- [72] . In another syngeneic model, the combination of an anti-CD4 mAb with an IL-21-secerting neuroblastoma (NB) cell vaccine [115] or rIL-21 [116] 
T cell help, CD8
+ T cell responses could be supported by exogenous IL-21 supply. This IL-21 + anti-CD4 mAb immunotherapy also induced a powerful long-term memory to NB antigens that required not only CD8 + T cells but also re-populating/reprogrammed CD4 + helper T cells [116] . In addition to Treg cell targeting, another approach to increase the antitumor immune response is based on the use of immune checkpoint blockers. Immune checkpoints consist of inhibitory pathways of the immune system fundamental for self-tolerance and agents blocking such pathways (e.g., anti-cytotoxic T lymphocyte antigen (CTLA)4, anti-programmed death-(PD-) 1, or anti-PD-L1 mAbs) are gaining increasing importance in cancer immunotherapy [117] . In a murine model of hepatocellular carcinoma, IL-21 showed synergistic activity with soluble PD-1. PD-1 is expressed on activated T cells and the binding with its ligand PD-L1, frequently expressed on solid tumors, inhibits proliferation of CTLs and cytokine secretion thus favoring tumor escape and tolerance. Local gene transfer of plasmids inducing the expression of IL-21 and soluble PD-1 significantly inhibited the development of H22 hepatocellular carcinomas in syngeneic mice, through the activation of CTL and NK cell responses, production of IL-2 and IFN- [118] . In addition, the combination of anti-PD-L1 with rIL-21 showed cooperative antitumor activity, resulting in frequent complete regression, in different mouse tumor models [119] .
IL-21 was also effectively combined with a triple agonistic monoclonal antibody cocktail (TrimAb), containing anti-DR5/anti-CD40/anti-CD137 mAbs. Anti-DR5 induces apoptosis of TNF-related apoptosis-inducing ligand-(TRAIL-) sensitive tumor cells, whereas anti-CD40 activates DCs and anti-CD137 costimulates T cells, to induce tumor-specific immunity. The sequential administration of TrimAb and rIL-21 further potentiates the antitumor activity of the TrimAb leading to the induction of strong antitumor T cell responses and cured very advanced tumors [120] .
Other reports demonstrated that IL-21 enhances the activity of therapeutic mAbs, which target tumor-associated antigens. Roda et al. [121] showed that IL-21 significantly augmented the NK cell ADCC activity and IFN-production to trastuzumab-coated cancer cells in vitro. In addition, IL-21 amplified the effects of an anti-HER2/neu mAb against a Her-2-expressing murine tumor in vivo, through an IFN--dependent effect. In cynomolgus monkeys human IL-21 potentiated the B cell depletion induced by rituximab (anti-CD20). Moreover in immune deficient mice, bearing human B cell lymphoma xenografts, the combination of IL-21 + rituximab significantly increased survival, relative to either agent alone [122] .
Different cytokines were shown to cooperate with IL-21 for antitumor activity. In nude mice, human ovarian cancer cells genetically modified to secrete both IL-21 and GM-CSF enhanced NK cell activity, IFN-, and tumor necrosis factor-(TNF-) levels resulting in inhibition of tumor growth. The tumor inhibition effect was superior to that observed by the use of ovarian cancer cells expressing either cytokine alone [123] . In a syngeneic melanoma model a tumor cell vaccine that displayed membrane-anchored glycosylphosphatidylinositol-(GPI-) IL-21 delayed tumor growth and prolonged mice survival. Coexpression of GM-CSF further increased survival of melanoma-bearing mice by the activation of strong NK and CD8 + T cell responses [124] . Also, the addition of 6 kDa early secreted antigenic target (ESAT-6), a protein of M. tuberculosis, to B16/F10/GPI-IL-21 cell vaccine produced a powerful antimelanoma effect inhibiting tumor growth and prolonging mice survival. The efficacy of this cell vaccine was further increased by the administration of a DNA vaccine ESAT-6-GPI for priming, followed by B16/F10-ESAT-6-GPI/IL-21 to boost the immune response [125] .
DNA vaccination is another interesting approach to induce an antigen-specific immune response towards tumor cells or pathogens, whose effects can be enhanced by IL-21.
As an example, a DNA vaccine encoding for IL-21 and IL-15 genes linked to the 47-LDA mimotope of disialoganglioside GD2, an antigen expressed mainly in NB, was particularly effective in inhibiting tumor growth in mice bearing NXS2 GD2 + NB. The mechanism involved relied on the induction of an anti-GD2 IgG response as well as GD2-independent CD8 + T cell responses [126] .
Use of IL-21 for Adoptive Cell Therapies
Adoptive immunotherapies require the in vitro expansion of lymphocytes endowed with antitumor properties, either spontaneous or induced by in vitro engineering, followed by reinfusion in the tumor-bearing host [127] . Whereas IL-2 or IL-15 has been widely utilized as growth factors for T cells, in conjunction with other cytokines, several data support important benefits in the usage of IL-21 in culture systems. An early report showed that IL-21 cooperates with IL-15 to promote the in vitro growth of both memory and naive mouse CD8
+ T cells and in vivo expansion of antigen-specific CD8 + T cells mediating B16 melanoma regression [41] . Furthermore, IL-21 inhibited activation-induced eomesodermin expression in mouse CD8
+ T cells and their maturation into differentiated effector cells. In addition, IL-21-cultured CD8 + T cells showed increased expression of L-selectin, enhanced antitumor functions, and long-term persistence upon adoptive transfer in syngeneic hosts. These effects of IL-21 stimulation in vitro were not reversed by subsequent activation with antigen and IL-2, thus supporting an important role for IL-21 in the development of CTL-based adoptive therapies for cancer [45] . Other reports showed that IL-21 combined with IL-15 preserved memory type features and CD28 expression of human CD8
+ tumor-infiltrating lymphocytes (TILs) [128] or CTLs induced by antigen priming [39] , allowing the generation of expanded CTL populations suitable for in vivo use. Human T cells genetically engineered to express a chimeric antigen receptor (CAR) specific for the CD19 B cell antigen and expanded in IL-21 containing medium displayed cytotoxicity and produced IFN-in response to CD19 antigen. These IL-21-expanded CD19-CAR + T cells revealed an early memory phenotype (CD62L + CD28 + ) and effectively controlled human pre-B cell leukemia growth in immune deficient mice [129] . A similar method for the expansion of central memory-like (Tcm) TILs or T cells engineered to express a tumor-specific TCR is based on the use of IL-12 plus IL-7 or IL-21 followed by withdrawal of IL-12. This protocol resulted in the generation of T cells with a CD62L high CD28 high CD127 high CD27 high CCR7 high phenotype, which expressed stem cell-related genes and persisted when injected in NOD/SCID/ c −/− mice. This culture protocol may therefore be highly suitable for adoptive immunotherapy of tumors [130] . A recent clinical study addressed the usage of rIL-21 in the culture system of WT-1-specific donorderived CTLs that, after in vitro expansion, were reinfused in acute myeloid leukemia patients during the posttransplant period. Transfer of IL-21-treated CTL clones in four patients resulted in antileukemic activity in two of them: a patient with progressive disease showed a transient response while a patient with minimal residual disease had a prolonged remission. In addition, three other patients at high risk for relapse that were treated with IL-21-derived CTLs showed no leukemia relapse in the absence of additional treatments. CTLs generated in the presence of IL-21 were detectable at long-term and showed characteristics of long-lived memory CD8 + T cells in these patients [131] .
The possible usage of IL-21 as a stimulus to sustain in vitro culture of human / T cells or NK cells has been also exploited. In an in vitro study, IL-21, in the presence of IL-2, enhanced the expansion of phosphoantigenactivated human V 9V 2 T cells and boosted their Th1-like program and cytotoxic activity against tumor cells [132] . In addition, IL-21, added to PBMC, which were stimulated with K562 cells expressing 4-1BB-L and MICA, increased the expansion of NKG2D + NK cells. These NK cell populations produced IFN-and displayed enhanced antitumor cytotoxic activity [133] . Genetically engineered K562 cells expressing membrane-bound IL-21 support human NK cell 
Clinical Studies of IL-21 in Cancer
In view of the efficacy of IL-21 in preclinical studies of tumor immunotherapy, clinical trials of IL-21 as a single agent or in combination with other drugs were performed, in different cancers (Table 1) . A phase I/IIa study of intravenous (iv) rIL-21, conducted in metastatic melanoma [136, 137] , showed that IL-21 does not induce vascular-leak syndrome by repeated iv infusion. The maximal tolerated dose (MTD) for daily iv infusions was 30 g/kg, and dose-limiting toxicities consisted of hepatotoxicity, neutropenia, and lightheadedness with fever and rigors. IL-21 induced an increase in biomarkers of immune activation (soluble CD25, perforin, and granzyme B expression in CD8 + T and NK cells) at all dose levels. One complete and one partial response were also observed, suggesting clinical activity. Another phase I study on metastatic melanoma and renal cancer reported similar toxicities and the same MTD as the first study. In addition, the study reported one complete response and 11 disease stabilization in a melanoma cohort (24 patients) and four partial responses and 13 stabilizations in the renal cancer cohort [138] . A subsequent study of multianalytes was performed on sera of patients included in the two phase I studies. This study showed that IL-21 treatment increased IL-6, acute phase proteins, chemokines including macrophage-derived chemokine (MDC), macrophage inflammatory protein (MIP) 1a and monocyte chemoattractant protein-(MCP-) 1, and soluble cell adhesion molecules (CAMs). These data suggested the activation of immune/inflammatory responses by therapeutic IL-21 [139] . Another phase I study tested subcutaneous IL-21 at three doses per week for 8 or 16 weeks, in melanoma and renal cancer patients. The MTD was 200 g/kg and the toxicities were similar to those found in the other phase I studies. Subcutaneous IL-21 also increased biomarkers of immune activation and one melanoma and two renal cancer patients obtained partial responses (out of 26 total patients) [140] . A phase II trial of iv IL-21 was then conducted in 40 patients with metastatic melanoma. Nine out of 37 evaluable patients had partial responses (22.5%) and 16 had disease stabilizations, and the median overall survival was 12.4 months [141] . These data suggested that IL-21 had activity in metastatic melanoma and led to the design of a randomized phase II trial. This study enrolled 64 patients that were randomized to intravenous IL-21 or to dacarbazine (DTIC) chemotherapy. A preliminary report showed that, in spite of earlier encouraging results, IL-21 activity in metastatic melanoma is comparable to that of DTIC [142] .
The acceptable toxicity and the low clinical activity suggested that IL-21 is suitable for combinational treatments with other agents. Based on preclinical studies, which indicated cooperative antitumor activity of IL-21 with mAbs targeting CD20 or epidermal growth factor receptor (EGF-R), two clinical studies of IL-21 combined with therapeutic mAbs were designed. A phase I study of weekly bolus tested IL-21 in combination with rituximab in patients with low-grade, relapsing B cell malignancies. Twenty-one patients with relapsed CLL, small lymphocytic, follicular, or marginal-zone lymphoma were enrolled. The MTD for IL-21 was 100 g/mL, and eight out of nineteen evaluable patients showed responses. The authors concluded that this treatment is safe and clinically active and may deserve further investigation [143] . A second phase I study tested IL-21 combined with cetuximab in stage IV colorectal cancer patients. The early closure of the study did not allow establishing an MTD. Nonetheless, this combination was safe, biomarkers of immune activation increased, and 60% of 16 treated patients had disease stabilization [144] . Another phase I study explored the combination of subcutaneous IL-21 with sunitinib, a kinase inhibitor, which induces partial responses in about one half of patients with metastatic renal cancer. However, the study was terminated due to hematologic dose-limiting toxicities (neutropenia and thrombocytopenia), encountered at the 10 g/kg IL-21 dose level, which was considered too low for expecting therapeutic effects [145] . Differently, a phase I/II trial reported that the combination of iv IL-21 with sorafenib, a multityrosine kinase inhibitor, is well-tolerated, in patients with metastatic renal carcinoma unresponsive to previous treatments. The IL-21 MTD was 30 g/kg with the standard dose of sorafenib, with skin rash as the dose-limiting toxicity. Soluble CD25 increased during treatment, indicating that sorafenib did not interfere with the immune-enhancing activity of IL-21. The objective response rate was 21%; disease control was achieved in 82% of patients and two persistent responses (41 and 30 months) continued after therapy withdrawal [146] . Therefore, IL-21 plus sorafenib has antitumor activity in previously treated metastatic renal cancer, and IL-21 should be further explored in combination therapies.
Concluding Remarks and Perspectives
Recent studies have demonstrated that IL-21, as many other interleukins, has a dual role in immune regulation. On one hand IL-21 has immune-enhancing properties, as it costimulates NK and CTL functions and is essential for driving IgG antibody production, as demonstrated by studies in Il21 or Il21r −/− mice [17] and by the phenotype of immune deficient patients with analogous genetic defects [18, 19] . On the other hand, IL-21 elicits immune-regulatory circuits through the inhibition of DC functions [62] , induction of IL-10 and Breg cells, which may limit the immune response [64, [69] [70] [71] . Nonetheless, IL-21 has been implicated in different immune-mediated diseases (e.g., SLE and inflammatory bowel diseases) due to its ability to drive the production of pathogenic autoantibodies [20-22, 28, 29, 33-36] . In addition, autocrine or paracrine effects of IL-21 have been described in different lymphoproliferative disorders [92] [93] [94] [95] [96] [97] [98] [99] . In these diseases, blockade of the IL-21/IL-21R axis may represent a potential area of therapeutic intervention. To this end, a human anti-IL-21R blocking mAb, ATR-107, has been developed. However, a phase I study revealed a high immunogenic potential of this antibody, which seems to preclude further clinical applications [77] . Therefore, other blocking agents may be required to approach IL-21 functional blockade. A note of caution in using IL-21-blocking agents is related to the dual role of IL-21 in immune regulation, which may reflect opposite effects of IL-21 at various stages of disease development, as recently reported in a murine model of SLE [78] .
IL-21 may also be exploited as therapeutic molecule to enhance immune functions in some infectious diseases and in some cancers. Indeed, IL-21 has shown to elicit antitumor immune responses in several preclinical tumor models [40, [100] [101] [102] [103] [104] [105] [106] [107] [108] [109] [110] [111] [112] [113] [114] [115] [116] 147] . This antitumor activity can be enhanced by combining IL-21 with other agents, which targets tumor cells (e.g., mAbs directed to tumor antigens) [120] [121] [122] , immune-regulatory circuits (e.g., Treg cell blockade, immune-checkpoint blockers) [72, [115] [116] [117] [118] [119] or other immune-enhancing molecules (e.g., cytokines, immuneenhancing mAbs) [123] [124] [125] .
Importantly, IL-21 represents a useful reagent, in combination with other cytokines, for in vitro expansion of CTLs or NK cells to be reinfused in tumor-bearing patients for adoptive cell therapy of cancer [38, 39, 51, [127] [128] [129] [130] [131] [132] [133] [134] . In fact, IL-21 has the unique ability to induce a peculiar (CD28 + CD127 high ) CTL memory phenotype in vitro, which results in long persistence of CTLs with antitumor activity upon in vivo reinfusion into leukemic patients, as shown in a recent study [131] .
Clinical phase I/II studies have shown that IL-21 has acceptable toxicities and antitumor activity, leading to objective responses or disease stabilizations in a fraction of metastatic melanoma and renal cancer patients [136] [137] [138] [139] [140] [141] . However, the response rate was similar to that of dacarbazine in a recent randomized clinical study [142] . Therefore, in view of its low activity and good tolerability, IL-21 is most likely suitable for combinational regimes of cancer immunotherapy. In fact, two clinical studies are addressing the possible cooperative effects of IL-21 with immune checkpoint blockers. A phase I study of IL-21 combined with the anti-CTLA4 mAb Ipilimumab in unresectable stage III or stage IV melanoma was recently completed (NCT01489059). The purpose of this study was to determine the safety of this combination and achieve preliminary information on clinical benefits compared with ipilimumab alone, but the results are not yet available. Finally a safety study of IL-21 with the anti-PD-1 mAb Nivolumab in advanced or metastatic solid tumors is ongoing (NCT01629758). It is hoped that these and similar studies will show clinical benefit of IL-21 in combinational therapies in cancer.
